Mycosphaerella graminicola (anamorph: Septoria tritici) is the causal organism of septoria tritici blotch (STB), which is one of the most important diseases of wheat worldwide (EYAL et al. 1985) . In addition to Europe and the US, infection is very severe in other wheat-growing countries in the Mediterranean, East Africa and Australia, causing significant reductions in yield and quality. Control of STB is compounded by the development of resistance in M. graminicola to the benzimidazoles (FISHER and GRIFFIN 1984) and strobilurins (FRAAIJE et al. 2005) , two classes of fungicide with different modes of action.
Mycosphaerella graminicola (anamorph: Septoria tritici) is the causal organism of septoria tritici blotch (STB), which is one of the most important diseases of wheat worldwide (EYAL et al. 1985) . In addition to Europe and the US, infection is very severe in other wheat-growing countries in the Mediterranean, East Africa and Australia, causing significant reductions in yield and quality. Control of STB is compounded by the development of resistance in M. graminicola to the benzimidazoles (FISHER and GRIFFIN 1984) and strobilurins (FRAAIJE et al. 2005) , two classes of fungicide with different modes of action.
Knowledge about pathogen biology, epidemiology and other related physiological processes could facilitate the design of better strategies for pathogen control and reduction of disease losses. A key resource to better understand these processes is the availability of a genome sequence. Improvements in sequencing technologies and the relatively small sizes of fungal genomes have facilitated a substantial increase in the number of species sequenced during the last few years.
An important feature found in most sequenced genomes (GALAGAN et al. 2003; IHGSC 2001 ) is the presence of transposable elements (TEs), DNA fragments that can move to new locations in the host genome. Autonomous TEs code for proteins for their own movement and also can mobilize similar non-autonomous elements that have lost their protein-coding capacity. Due to their ability to mobilize and increase their copy number, TEs may occupy up to 21% of some fungal genomes (MARTIN et al. 2008) .
TEs may be beneficial or detrimental to their host genomes. For example, in Drosophila, telomeres are maintained by HeT-A and TART retrotransposons (PARDUE and DEBARYSHE 2003) . Alternatively, insertions of TEs into genes can eliminate gene function or lead to the production of chimeric or antisense transcripts, thereby modifying gene expression (FESCHOTTE 2008) . In addition to insertional mutagenesis, TEs can contribute to chromosomal rearrangements by facilitating ectopic recombination (WESSLER 2006) . To minimize their deleterious effects, host genomes have evolved various strategies to minimize the movement of TEs, one of which involves DNA methylation.
DNA cytosine methylation occurs in many well studied eukaryotes, with a few model organisms, such as the yeasts Saccharomyces cerevisiae, Schizosaccharomyces pombe and the nematode Caenorhabditis elegans being the notable exceptions (COLOT and ROSSIGNOL 1999) . DNA methylation is catalyzed by a conserved set of proteins called DNA methyltransferases (DNMTs), which usually add a methyl group to cytosine. DNA methylation in plants, mammals and the filamentous fungus Neurospora crassa is mostly concentrated on repetitive elements (RABINOWICZ et al. 1999 ) and, at least in some cases, limits their movement. Conversely, genome-wide demethylation in plants has been shown to increase the rate of TE activity (MIURA et al. 2001; SINGER et al. 2001) . Numerous qualitative and quantitative methods are available to measure DNA methylation, either for a specific locus or on a global scale. Liquid chromatography coupled with ESI-MS/MS has been used to determine the whole-genome methylation status of human cell lines with very high sensitivity (SONG et al. 2005) .
Another genome-defense mechanism, which is strictly limited to fungi, is Repeat Induced Point mutation (RIP). RIP, discovered in N. crassa, was the first genome-defense system to be described in eukaryotes (GALAGAN and SELKER 2004; SELKER et al. 1987) . During the sexual phase, RIP introduces C:G to T:A mutations in both copies of 6 duplicated sequences longer than 400 bp (WATTERS et al. 1999) . These transition mutations often introduce stop codons thus inactivating gene expression. Linked, as well as unlinked, dispersed repetitive sequences, including genes, are equally likely to be inactivated, although their genomic location may influence their susceptibility to RIP. In N. crassa, an ectopic insertion led to the duplication of an otherwise single-copy gene, cya-8 (cytochrome aa3 deficient), which then was targeted and mutated by RIP (PERKINS et al. 2007 ). Up to 30% of C:G pairs in duplicated sequences can be mutated during a single sexual cycle (CAMBARERI et al. 1989) . RIP-mutated sequences are frequently methylated in N. crassa (Galagan et al. 2003) .
In N. crassa, one known DNMT, DIM-2 (defective in methylation-2) (FOSS et al. 1993 ) and one putative DNMT, RID (RIP defective) (FREITAG et al. 2002) have been characterized genetically. All apparent DNA methylation is lost in dim-2 mutants without causing growth defects (FOSS et al. 1993) , whereas mutations in the rid gene eliminate RIP completely. RIP has been characterized extensively in N. crassa but no report is available for M. graminicola. Although direct evidence is lacking in M. graminicola, repetitive sequences show characteristics of RIP, such as high ratios of transitions to transversions and low GC content (GALAGAN and SELKER 2004) .
Due to its economic importance and genetic tractability, the genome of M. graminicola was sequenced to completion by the Joint Genome Institute (JGI) of the U.S. Department of Energy (http://genome.jgi-psf.org/Mycgr3/Mycgr3.home.html). It is the first genome of a filamentous fungus to be finished according to recently proposed standards (CHAIN et al. 2009 ), i.e., all 21 chromosomes except the smallest one have been sequenced completely from telomere to telomere with only two gaps of unclonable 7 DNA. We characterized the repetitive sequences in the finished M. graminicola genome to search specifically for high-copy-number gene families as potential targets of RIP. Our aim was to test whether genes or gene fragments have been amplified in the genome and how this amplification could be influenced by RIP. We found an example where a singlecopy DNMT gene had been amplified in the M. graminicola genome. This geneamplification event was most likely followed by RIP-mediated gene inactivation and a concomitant species-wide loss of methylation in M. graminicola.
MATERIALS AND METHODS

Identification and characterization of repetitive sequences:
Sequences of two closely related fungi, the wheat pathogen M. graminicola and the banana pathogen M. fijiensis, were used in this study. 
RIP and `deRIP´ in MgDNMT:
To quantify the transitions induced by RIP, DNA sequences of all fam1 elements were aligned using ClustalX version 2.0 (THOMPSON et al. 1997 ) and were edited manually using Jalview version 2.3 (CLAMP et al. 2004) . `DeRIP´ing was done by comparing the base composition at each nucleotide position of aligned sequences and deducing the original sequence prior to RIP. For this analysis, the only non-telomeric MgDNMT sequence, on chromosome 6, was used as a reference. At each polymorphic base position in the alignment, any thymine (T) residue in the reference sequence was changed to a 9 cytosine (C), if any of the other sequences had a corresponding C. Similarly, an adenine (A) in the reference sequence was changed to a guanine (G) when a 'G' was present among other sequences in the alignment. This corrected for RIP on both strands of the DNA sequence. Remaining internal stop codons were corrected manually by inserting transitions that changed the stop to an amino acid, usually glutamine (Q), when compared to the S1 DNMT copy. These stops were assumed to be at sites that were `RIPed´ in all the copies and were no longer polymorphic.
Southern hybridization for estimation of copy number:
Sixteen isolates were used for this analysis. Fifteen isolates of M. graminicola from seven countries on five continents, including Turkey (isolates IPO86013 and IPO86022),
and USA (I1A.1, I1A.3, ST2) and one isolate of S. passerinii (P77) were used. These isolates were grown in liquid culture as described previously (GOODWIN et al. 2001 ).
Mycelia were collected and lyophilized before DNA extraction (DNeasy Plant Mini Kit, Qiagen, Valencia, CA). Southern analysis was done using alkaline transfer (SAMBROOK and RUSSELL 1989) , and chemiluminescence was used to detect the DIG-labeled MgDNMT probe (Roche Diagnostics Corporation, Indianapolis, IN). The probe was designed from the non-telomeric MgDNMT reference sequence on chromosome 6.
Determination of syntenic regions for MgDNMT:
To determine synteny, 50 kb of sequence flanking the MgDNMT sequence was compared to the homologous sequences in M. fijiensis, P. tritici-repentis, P. nodorum and S. sclerotiorum. Graphic visualization of genomic comparisons was done using the Artemis Comparison Tool (ACT) Release 8 (CARVER et al. 2005) . This tool was used to display similarity at the nucleotide level even though at the amino acid level the similarity was much higher.
Analysis of genome-wide cytosine methylation:
Three isolates of M. graminicola from different geographical regions (IPO323, IPO86068, Paskeville), four isolates from two new, undescribed species of
Mycosphaerella from wild grasses (species S1, isolates ST04IR-221 and ST04IR-431;
and S2, isolates ST04IR-111 and ST04IR-3131), three isolates of M. fijiensis (IPO139a, IPO8837, rCRB2) and one isolate of S. passerinii (P63) were used. DNA was hydrolyzed as described previously (SONG et al. 2005) . This mixture was analyzed by electrospray ionization tandem mass spectrometry. Briefly, 5 μ g of genomic DNA was denatured by heating to 100 °C for 3 min before chilling on ice, followed by addition of 1/10 volume of 0.1 M ammonium acetate (pH 5.3), 2 U of nuclease P1 and incubation at 45 °C for 2 h.
Next, a 1/10 volume of 1 M ammonium bicarbonate and 0.002 U of venom phosphodiesterase I were added and the mixture was incubated at 37 °C for 2 h. The final incubation was at 37 °C for 1 h after addition of 0.5 U of alkaline phosphatase.
All ESI analyses were carried out on a Finnigan MAT LCQ Classic mass spectrometer system (ThermoElectron Corp, San Jose, CA). The electrospray needle voltage and the heated capillary voltage were set to 4.0 kV and 10 V, respectively. The capillary temperature was set at 207 ºC and the typical background source pressure was 1.2 x 10 -5 torr. The sample flow rate was ~8 μ l per minute. The drying gas was nitrogen.
The LCQ was scanned to 1000 amu for these experiments. The sample was dissolved in 11 methanol and water.
The MS/MS results were obtained by selecting the ion of interest (the precursor ion). The precursor ion was then subjected to collision-induced dissociation (CID) resulting in the formation of product ions. Helium was introduced into the system to an estimated pressure of 1 millitorr to improve trapping efficiency and also acted as the collision gas during the CID experiments. The collision energy was set to 40% of the maximum available from the 5 V tickle voltage, with a 2 mass unit isolation window.
RESULTS
Characterization of 'fam1' repeats:
Repeat analysis of the finished sequence of the M. graminicola genome A search for protein domains in fam1 elements identified a DNA cytosine methyltransferase protein (MgDNMT), which is atypical for repetitive elements. This
MgDNMT belongs to a class of proteins represented by DIM-2, a genetically well characterized protein from N. crassa. After searching the M. graminicola genome with the N. crassa DIM-2 (NcDim-2) sequence, twelve additional copies of the MgDNMTcontaining repeats were identified, also at subtelomeric locations. Of the 28 'fam1' elements distributed on 17 chromosomes, the MgDNMT region was present in 23 (Table S1 ). However, all elements lacked the usual protein-coding regions commonly associated with TEs such as transposases, reverse transcriptases or helicases.
Determining the original MgDNMT region and synteny with other genomes:
To determine how the number of MgDNMT sequences increased in the genome, it was essential to identify the original MgDNMT sequence. One interesting candidate for the original 'donor' sequence was the 4.4-kb non-telomeric copy present on chromosome 6.
Sequences flanking the element on chromosome 6 were unique, suggesting that this 4.4-kb sequence is the possible source for the MgDNMT region in fam1 elements. This comparison helped delimit the extent of the genomic fragment that had become a part of the fam1 repetitive elements.
A search of the genome of M. fijiensis, a relative of M. graminicola, using the MgDNMT sequence identified a single-copy homolog on scaffold 1. Fifty kb of genomic sequence flanking all fam1 elements was used to search the M. fijiensis scaffold 1 sequence to identify possible syntenic regions. The only region in M. graminicola conserved for gene number and order between the two genomes was the non-telomeric region on chromosome 6. Two genes present upstream of the MgDNMT sequence, one similar to a UsgS transmembrane protein and the other similar to a conserved hypothetical protein, were present in M. fijiensis but in reverse orientation (Fig. 1) . In M.
graminicola these genes are ~0.4 kb apart, whereas in M. fijiensis they are separated by a 4.4-kb repetitive element. Similarly, downstream of the MgDNMT sequence is a C6 zinc finger domain-containing protein that is present at the same location in M. fijiensis ( Fig.   1 ). Therefore, the four genes in this region appear to be syntenic between M. graminicola 13 and M. fijiensis but not collinear. All three genes surrounding the MgDNMT sequence are specific to fungi.
The four genes shared between M. graminicola and M. fijiensis were present in Pyrenophora tritici-repentis, Phaeosphaeria nodorum and Sclerotinia sclerotiorum but were not syntenic. This synteny between M. fijiensis scaffold 1 and the MgDNMT sequence on M. graminicola chromosome 6 strengthens the possibility that the nontelomeric copy on chromosome 6 was the original template for subsequent amplifications.
Amplification of MgDNMT in M. graminicola:
Only one match to the NcDIM-2 protein was found in the genome sequences of 11 phylogenetically diverse species (Fig. 2) compared to the 23 copies identified in M.
graminicola. The 'RIPed' copy of the MgDNMT sequence was on a much longer branch reflecting its greater rate of change compared to the 'deRIPed' version. Southern analysis using the chromosome 6 MgDNMT sequence as probe revealed multiple copies in 15 M.
graminicola isolates from various geographical regions (Fig. 3 ). Higher intensity of some bands, especially in lanes 1 (IPO86013) and 2 (IPO86022), may represent multiple copies, which were either similar in size or too large to be resolved on the gel (Fig. 3) .
Lanes 3 (IPO86068) and 10 (I1A.1) contained much less DNA and showed either no or very little hybridization. However, an overexposure revealed that these isolates had at least five bands. No hybridization with the MgDNMT sequence was visible in a closely related fungus, the barley pathogen Septoria passerinii, even after overexposure.
Subtelomeric location of fam1 elements:
14 Each fam1 element contained sequences similar to one or both of the two longest elements, ele799 or ele9870 (Fig. S1 ). On two pairs of chromosomes, 2 and 17 (Fig. 4) and 9 and 21, fam1 elements were duplicated and formed complex repetitive 
Juxtaposition of an LTR retrotransposon fragment:
Repetitive sequences flanking the MgDNMT region in fam1 elements were devoid of any repeat-associated protein domains or characteristic structural features commonly associated with TEs. To test for other similarities to TEs, these flanking sequences were used to search the repetitive sequence library from M. graminicola. A 220-bp fragment immediately upstream of the MgDNMT sequence was similar to a non-coding region from a Long Terminal Repeat (LTR) retrotransposon family (fam15) (Fig. S2 ). In the LTR retrotransposon sequence, the 220-bp fragment was present immediately upstream of the 3' LTR. This suggests that at some subtelomeric location, MgDNMT sequence was adjacent to a LTR retrotransposon. This similarity also hints at the possibility that the MgDNMT sequence might have been acquired by a LTR retrotransposon and then moved to a telomeric location.
RIP and `deRIP´ in MgDNMT:
Multiple copies of the MgDNMT sequence in the M. graminicola genome make it a likely candidate for RIP. To determine the extent of RIP, the original chromosome 6
MgDNMT sequence was `deRIPed´ by replacing a T with a C, or an A with a G, at positions showing C/T or A/G polymorphisms, respectively, and compared to the remaining MgDNMT copies. The number of transversion mutations between the MgDNMT copies and the `deRIPed´ version of MgDNMT sequence ranged from 0 -11 per kb of sequence compared (Table 1) . Two subsets of sequences were present, one with greater than 4 transversions / kb (15 sequences), and the other with fewer than 2 transversions / kb (7 sequences). The sequences with the higher numbers of transversions included all of the full-length MgDNMT sequences, whereas in the other set all sequences were truncated.
Transition mutations varied from 14 -107 per kb of sequence analyzed. These transitions resulted in 61 stop codons in the putative coding region of the non-telomeric
MgDNMT sequence (Fig. S3) . All fam1 elements, except two, had stop codons that were caused by C T and G A transitions. Because the two remaining fam1 elements were truncated, no functional copy of the MgDNMT sequence appears to be present in the M. graminicola genome. Moreover, no sequences corresponding to MgDNMT were identified in the M. graminicola EST dataset. In contrast, the single-copy dim-2 homologs in the genomes of M. fijiensis and the other fungal species analyzed were complete with no evidence of RIP or stop codons.
Searching the genome sequence of species S1, the closest known relative of M.
graminicola (STUKENBROCK et al. 2007 ) with the `deRIP´ed MgDNMT copy along with its flanking sequence identified only one copy of the MgDNMT-like sequence.
Based on comparisons to its putative homolog in S1, the 4.4-kb chromosome 6 donor sequence most likely contains the complete predicted DNMT sequence coding for 1281 amino acids.
After adjusting the nucleotide polymorphisms for RIP, the chromosome 6
MgDNMT sequence still had eight stop codons that were resolved by comparison to the S1 sequence. This final `deRIP´ed MgDNMT sequence showed an improvement in significance value of BLAST searches to the NCBI 'nr' database from e -52 to e -175
. The expected translation product of the `deRIP´ed MgDNMT sequence shows significant similarity to other fungal DIM-2-like proteins, but the N-terminal and C-terminal ends were of different lengths and did not align (Fig. S4 ).
Recent loss of cytosine methylation in M. graminicola:
N. crassa DIM-2, a MgDNMT homolog, is responsible for all of the known cytosine methylation in that organism (KOUZMINOVA and SELKER 2001) . To determine whether RIP of the MgDNMT sequence affected DNA methylation of M. graminicola, a genome-wide DNA methylation assay was conducted using electrospray ionization tandem mass spectrometry (ESI-MS/MS).
Under the assay conditions, the presence of a specific ion can be confirmed from its fragmentation products, i.e., loss of the dehydrated deoxyribose sugar residue from 5-methyl deoxycytidine (5mdC) will give rise to 5-methyl cytosine (5mC). This can be detected qualitatively in ESI-MS/MS spectra by the presence of an ion at mass-to-charge ratio (m/z) 126 (after loss of dehydrated deoxyribose), in the MS/MS spectrum of m/z 242 (protonated 5mdC). The control MS/MS spectra of m/z 228, protonated cytidine (dC), for both M. fijiensis (Fig. 5a ) and M. graminicola (Fig. 5b) show a similar fragment ion at m/z 112 indicating a loss of dehydrated deoxyribose. However, differences were observed in the MS/MS spectra of m/z 242. In M. fijiensis (Fig. 5c ), the fragment ion at m/z 126 (5mC) is clearly visible. However, this fragmentation ion is absent in the MS/MS spectrum of m/z 242 from M. graminicola (Fig. 5d) . Therefore, as compared to M. fijiensis, cytosine methylation is absent from M. graminicola. The cytosine methylation profile of the closely related barley pathogen S. passerinii was similar to that for M. fijiensis.
Isolates of the recently discovered, unnamed species S1 and S2 from uncultivated grasses in Iran, also were assayed for cytosine methylation. Cytosine methylation was present in both S1 and S2, which are thought to have diverged from M. graminicola approximately 10,500 and 20,000 years ago, respectively (STUKENBROCK et al. 2007 ).
Therefore, loss of cytosine methylation in M. graminicola probably happened after its divergence from S1 within the past 10,500 years. M. graminicola was suggested by the occurrence of multiple copies of MgDNMT sequence in fifteen isolates from diverse geographical regions. However, only one copy was present in the genome sequence of the closely related species S1 and ten other ascomycete fungi, so the expansion seems to be recent and unique to M. graminicola.
RIP protects fungal genomes from the detrimental effects of repetitive elements (GALAGAN and SELKER 2004) . The only gene known to be involved in RIP is the 'RIP defective' (RID) gene from N. crassa, which also is a putative DNMT (FREITAG et al. 2002) . However, the exact role that RID plays in RIP is unknown. DIM-2, on the other hand, is not required for RIP (FREITAG et al. 2002; KOUZMINOVA and SELKER 2001) . The genomic sequence of M. graminicola contains a putative ortholog of the rid gene. It is single copy and predicted to encode a protein of 742 amino acids, suggesting that RIP is functional in M. graminicola.
Another feature of RIP-induced transitions is a decrease in GC content of the affected sequences. A corresponding decrease in %GC was noticeable in the DNMT region in M. graminicola as compared to M. fijiensis (Fig. 1) . Substituting the nucleotides A/T with G/C at polymorphic sites of aligned sequences increased the percent GC content of the `deRIPed´ MgDNMT sequence from 43 to 53. Transitions introduced by RIP inactivated all MgDNMT copies in the genome leading to a loss of cytosine methylation. The absence of cytosine methylation in M. graminicola was alluded to in a previous analysis based on methylation-sensitive and -insensitive restriction enzymes (GOODWIN et al. 2001) . However, lack of cytosine methylation is not unique among fungi; many yeasts, such as S. cerevisiae and S. pombe, lack detectable methylation (COLOT and ROSSIGNOL 1999) . Moreover, methylation is not essential in N. crassa, as dim-2 mutants are viable. These mutants show no obvious phenotype under laboratory conditions despite genome-wide demethylation (KOUZMINOVA and SELKER 2001) .
Therefore, DNA methylation is not required in all organisms and the lack of a functional copy of DNMT has no obvious fitness cost in M. graminicola.
In the absence of DNA methylation, histone methylation might be responsible for the silencing of repetitive DNA. In N. crassa, the dim-5 gene is responsible for Repetitive sequences also can lead to loss of conserved synteny, because they promote crossing over at non-homologous chromosomal sites leading to chromosomal rearrangements. In S. cerevisiae, LTR retroelements were frequently associated with rearrangements (DUNHAM et al. 2002) . Although comprehensive synteny analysis between M. graminicola and M. fijiensis is lacking, the role of TEs in the breakdown of synteny was evident during the comparison of 100 kb of sequence flanking the
MgDNMT region between the two species. This region in M. graminicola had fifteen predicted genes and no repetitive sequences, whereas in M. fijiensis 66% of the sequence was repetitive with only four predicted genes (Fig. 1) . Moreover, in M. fijiensis, a TE was inserted into the intergenic region of syntenic genes. The extensive presence of TEs in this region in M. fijiensis suggests that their insertion in intergenic regions may lead to loss of synteny between closely related species of Dothideomycetes as well.
Reverse transcriptase/endonuclease proteins, especially those in non-LTR LINE retrotransposons, can bind and transcribe cellular mRNAs and integrate them back into the genome giving rise to processed retrogenes (ESNAULT et al. 2000) . However, to date there appears to be only one case reported in which a LTR retrotransposon has been shown to carry gene fragments. In maize, one of the first retrotransposons to be identified was Bs1, which later was shown to carry transduced fragments from three genes (ELROUBY and BUREAU 2001) . Although no mechanism for gene capture was proposed, the Bs1 results support the idea that LTR retrotransposons are capable of 21 mobilizing and multiplying single-copy genes within genomes. The 220-bp LTR fragment adjacent to the MgDNMT region could have come from a complete LTR retroelement, which was gradually shortened during subsequent recombination events.
Alternatively, this LTR fragment might have been present already at subtelomeric locations and was propagated along with the MgDNMT region.
A more plausible explanation for increase in MgDNMT copy number could be amplification by segmental duplication. One mechanism for segmental duplication is double-strand break (DSB) repair (BAILEY et al. 2003) . Any sequence in the genome may be used ectopically as a template to initiate DSB repair, leading to the duplication of that region (RONG and GOLIC 2003) . In M. graminicola, the original non-telomeric chromosome 6 MgDNMT sequence could have served as a template for DSB repair at a subtelomeric location. Once copied to the subtelomeric location, the MgDNMT region could have been amplified by ectopic recombination between subtelomeric regions on different chromosomes. Ectopic exchange between subtelomeres in M. graminicola is supported by sequences that are identical between the sub-telomeric regions of at least two pairs of chromosomes. These identical regions extend well beyond the MgDNMT sequence. In S. cerevisiae, at least three gene families, β -fructofuranosidase, α -galactosidase, and resistance to toxicity of molasses, have been amplified between chromosome ends through ectopic recombination (LOUIS et al. 1994) . In humans, subtelomeric regions are patchworks of interchromosomal segmental duplications (LINARDOPOULOU et al. 2005) with high plasticity, which may increase gene diversity (TRASK et al. 1998) , as observed in the subtelomeres of M. graminicola.
Four additional chromosomal ends in M. graminicola (between chromosomes 4 and 22 18, and 8 and 13) also have similar long repetitive sequences near their telomeres, but do not include MgDNMT sequence. Subtelomeric repetitive sequences have been reported in several organisms, but the reason for these structures is still unknown (FLINT et al. 1997) . It has been suggested that in the absence of telomerase, large blocks of tandem arrays of subtelomeric repeats may help stabilize the telomeres (MCEACHERN et al. 2000) . This mechanism of telomerase-independent, recombination-based telomere maintenance has been demonstrated in S. cerevisiae and Kluyveromyces lactis (LUNDBLAD and BLACKBURN 1993; MCEACHERN and BLACKBURN 1996) and also may operate in M. graminicola. In organisms where a RIP-like process is absent, genes with altered functions may be created from transposable element-mediated multiplication of captured genes (MCCARREY and THOMAS 1987) , or gene duplication and/or segmental duplication events. However, in filamentous fungi with an active RIP-like process, duplicated sequences are likely to be mutated by RIP. In N. crassa, only six from a predicted 10,082
genes have highly similar duplicates, suggesting that evolution via gene duplication has been virtually arrested (GALAGAN et al. 2003) . Loss of function of the N. crassa cya-8 gene was shown to be a direct consequence of gene duplication followed by RIP (PERKINS et al. 2007) . Our results support the idea that accidental amplification followed by RIP may be a prevalent mechanism to inactivate single-copy genes leading to significant effects on the basic biological pathways in fungi. These changes can occur rapidly; amplification and subsequent inactivation of MgDNMT sequences probably occurred after the split of M. graminicola and S1, which was estimated at 10,500 years ago (STUKENBROCK et al. 2007) , and may have been concomitant with the domestication of wheat as a cultivated crop. Whether loss of methylation influenced the shift in M. graminicola host preference from a wild grass to wheat is not known, but it provides a testable hypothesis for future research.
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The scale at the bottom shows the MgDNMT region from which the probe was designed.
The arrows mark the flanking PstI restriction enzyme sites. 
